A group of synthetic pyrethroids containing a-cyano-3-phenoxybenzyl alcohol (CPBA) have excellent insecticidal activity for agricultural pest control. 1} In a study on the relationship between the structure of the optically active pyrethroids and insecticidal activity, it was found that (S) A numberof reports on enzymatic preparation of optically active alcohols have been published. 4 " 10) Although optically active CPBAwas synthesized from^-phenoxybenzaldehyde and cyanohydride using the oxynitrilase, the stereoisomer given was the insecticidally inactive (inform.11} On the other hand, two examples of enantioselective hydrolysis of racemic aryloxy acetoaldehyde cyanohydrin acetates with Pseudomonas lipase12) and microorganisms13) were reported. In these studies, biocatalysts hydro-2907 lyzed (i?)-isomers preferentially, and (S)-isomers were obtained as the unhydrolyzed substrate. Ohta et al.13) reported that the yield and the optical purity of the liberated cyanohydrin were rather low because ofa rapid equilibrium between the cyanohydrin and the corresponding aldehyde under their experimental conditions.
Wehave aimed at developing a practical process for (S)-CPBA by adopting the enzymatic enantioselective hydrolysis of racemic CPBAacetate. A preliminary communication was presented previously.14) In this paper, wereport further details of our studies on the Results and Discussion
Screening of microbial lipases
There is an equilibrium between cyanohydrins and the corresponding aldehydes,16) and this equilibrium was considered to cause the racemization of the optically active cyanohydrin.13) Figure 1 shows the effects of the pH of the medium on the stability of CPBA.The first order rate constant for spontaneousconversion of GPBAto PBAL, which was due to the equilibrium between CPBA and PBAL, increased as the pH was raised. It was suggested that the enzymatic reaction should be done under acidic conditions to get the liberated optically active CPBA in a sufficient yield. Since it was supposed that enzymeswould retain their activities in a mild acidic medium, the enzymatic reaction was done at the pHfrom 4to5.
Spontaneous hydrolysis ofCPBAacetate did not occurred at all below pH 8 within 24hr.
Six microbial lipases that showed high enantioselectivities on the acetic ester of 4-hydroxy-3-methyl-2-(2-propynyl)-2-cyclopentenone (HMPC)10) were tested for the enantioselective hydrolysis of CPBA acetate in mild acidic media (Table I) .
Gradual inactivation in the enzymatic reaction was observed both on the Alcaligenes lipase and the Achromobacter lipase, so additions of some amount of each lipase to the reaction mixture were needed to achieve the hydrolysis degree of about 50%. CPBA/PBAL mol ratios were over 50 for all enzymatic reactions and the liberated CPBA was highly optically active. These facts indicated that the optically active CPBAhad remained stably in the enzymatic reaction mixture. Five bacterial lipases hydrolyzed (S)-ester preferentially.
Among these five lipases, the degree of the enantioselectivity (E value1 7)) on a The volume of reaction mixture was 10ml. The reaction time was 23 hr. Reaction conditions for Arthrobacter lipase and Chromobacteriumlipase; The substrate concentration was 20w/v%, and the reaction was done at 40°C and pH 4. Reaction condition for the other Upases: the substrate concentration as 10w/v%, and the reaction was done at 30°C and pH 5. b The lipase activity and the optimum pH of the lipase for hydrolysis of olive oil were as follows: Achromobacter, lOU/mg, pH 10; Alcaligenes, 146U/mg, pH 9; Arthrobacter, 188U/mg, pH 7; Candida, 21 U/mg, pH 6; Chromobacterium, 330 U/mg, pH 7; Pseudomonas, 69 U/mg, pH 7. Lipase activity was measured as described previously.:0) One unit of lipase activity is defined as the amount of the enzyme which liberates 1 /miol equivalent offatty acid from olive oil in 1min at 40°C and pH 7. c The amount of the lipase that achieved a hydrolysis degree of about 50% after 23hr was used in the reaction unless otherwise stated. Binding in Arthrobacter Lipase.
in Fig. 3A . The reaction did not proceed more than the hydrolysis degree of 50% where the (S')-CPBA acetate was completely hydrolyzed. The hydrolysis rate increased as the temperature was raised. Thermal inactivation of the enzyme was not observed even at 50°C (Fig.  3B) . The CPBA/PBALmol ratio was only 5.5 at 50°C, while the CPBA/PBALmol ratio exceeded 50 below 40°C after the enzymatic reaction for 24hr. This suggested that the spontaneous conversion of CPBA to PBAL was also accelerated by increasing the temperature.
Kinetic studies of hydrolytic reaction. (R)-CPBAacetate was found to act as a competitive inhibitor because Lineweaver-Burk plots for hydrolyses of (S>CPBA acetate and the mixtures of (S)-CPBA acetate with a fixed amount of (J<)-<JPBA acetate crossed on the vertical axis (Fig. 4) . Maximuminitial velocities for (S)-CPBA acetate and (R)-CPBA acetate were 1.21 /imol/min and 0/miol/min respectively. The apparent Kmfor (S)-CPBA acetate was 0.69 m and the apparent Kmfor (R)-CPBA acetate (the apparent Ki) was 0.59m. These results of kinetic studies suggested that the strict enantioselectivity was due to a difference in the catalytic constants for the two enantiomeric substrates, and that the enzymatic recognition of the enantiomeric CPBA Process for preparation of (S)-CPBA Reuse of lipase. Immobilization or reuse of the enzyme will provide a great advantage in the application of the enzymatic reaction to the practical processes.19) Table II shows the results of hydrolysis of CPBA acetate by Arthrobacter lipase immobilized to the resin.
The lipase immobilized to the hydrophilic resin (Duolite S-761) had rather low activity. It was supposed that the water layer covering the surface of the hydrophilic resin prevented the hydrophobic substrate from reacting with the lipase molecule. The lipase immobilized to the hydrophobic resin (Duolite S-861) had a fairly high hydrolytic activity. However, the protein assay on the aqueous phase of the reaction mixture showed that 25% of the protein adsorbed to the resin had been removed from the support, and in the second use of the immobilized lipase, its activity was insufficient to complete the hydrolysis (hydrolysis degree racemic substrate (Fig. 6) . A hydrolysis degree of 44%was achieved even at the eighth run, though the activity of the lipase solution had decreased to the half of the initial activity. The enantiomeric excess of CPBAand the CPBA/ PBALmol ratio were greater than 95% e.e. and 50, respectively for all runs. benzene) ), and could be used for the enzymatic hydrolysis with no problem ((S>CPBA of 98% e.e. was obtained at the hydrolysis degree of 50%).
An efficient chemico-enzymatic process for an optically active pyrethroid could be developed by combination of the enzymatic resolution with Arthrobacter lipase and the chemical racemization (Fig. 7) . Repeated use of the lipase solution will provide an economical advantage for this process.
